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Effect of indium composition ratio on solution-processed nanocrystalline InGaZnO thin film transistors
The effects of the indium content on characteristics of nanocrystalline InGaZnO ͑IGZO͒ films grown by a sol-gel method and their thin film transistors ͑TFTs͒ have been investigated. Excess indium incorporation into IGZO enhances the field effect mobilities of the TFTs due to the increase in conducting path ways and decreases the grain size and the surface roughness of the films because more InO 2 − ions induce cubic stacking faults with IGZO. These structural variations result in a decrease in density of interfacial trap sites at the semiconductor-gate insulator interface, leading to an improvement of the subthreshold gate swing of the TFTs. 4 IZO, 5 and IGZO 6,7 as active channel layers, displaying performance comparable to vacuum-processed oxide TFTs.
In a previous study, we presented solution-processed nanocrystalline ͑nc͒-IGZO TFTs fabricated at low temperature ͑below 450°C͒ and proposed a formation mechanism for the IGZO film from sol-gel solution. 6 It was suggested that an increase in the indium content of the IGZO sol-gel solution was necessary to improve the electrical performance of the TFTs. This was because it has generally been known that heavy metal indium cations share electrons in 5s orbitals and act as electron pathways contributing to an increase in carrier mobility of TFTs. 8 Moreover, in IGZO sol-gel solution, in-depth understanding of the chemical, structural, and electrical properties as a function of indium content is still lacking. In this article, we report on study of the chemical reactions in the IGZO solution with varying indium content, explain the structural and electrical properties of sol-gel derived IGZO films, and extend this to device performance.
A 0.5M mixture of zinc acetate dihydrate ͓Zn͑OAc͒ 2 ·2H 2 O͔, gallium nitrate hydrate ͓Ga͑NO 3 ͒ 3 · xH 2 O͔, and indium nitrate hydrate ͓In͑NO 3 ͒ 3 · xH 2 O͔ was used as a sol-gel precursor, dissolved in 2-methoxyethanol ͑2ME͒ and monoethanolamine with the volume ratio of 25:1, and stirred at 70°C for 1 h to form the IGZO sol-gel solution. The mole ratio of Ga: Zn was fixed as 1:2, and that of In:Ga was varied between 1:1, 1:3, and 1:5 ͑i.e., the following mole ratios were prepared: In: Ga: Zn =1:1:2, 3:1:2, and 5:1:2͒.
For the TFT fabrication, we used a bottom-gate and topcontact TFT structure. MoW, SiN x , and Ta layers were used as gate electrode, gate insulator, and source and drain electrodes respectively. IGZO active channel layers ϳ40 nm thick with varying indium mole ratios were deposited by spin coating after filtering and then annealed at 400°C for 3 h.
To determine the possible chemical reactions of IGZO sol-gel solutions ͑such as decomposition, dehydroxylation, alloy, and crystallization͒, thermogravimetry and differential thermal analysis ͑TG-DTA͒ were performed in an air atmosphere. The structural properties of sol-gel derived IGZO films were examined by transmission electron microscopy ͑TEM͒ and atomic force microscopy. Hall measurements were carried out to obtain electrical properties of the films using the van der Pauw configuration. The transfer curves of TFTs were measured in the dark at room temperature with a semiconductor analyzer. Figure 1͑a͒ shows that the first endothermic reactions were observed with large weight losses in the range 40-100°C. We expect that the weight losses were caused primarily by low temperature solvent evaporation, and were partially due to a loss of acetic acid produced by dissociation of Zn͑OAc͒ 2 ·2H 2 O to zinc monoacetate ͓Zn͑OAc͒ + ͔. Therefore, in this temperature region, the relative difference of weight loss due to the indium mole ratio is attributed to the difference in the amount of OAc − in the IGZO solution. In the range 100-230°C, the nitrate-based precursors In͑NO 3 ͒ 3 · xH 2 O and Ga͑NO 3 ͒ 3 · xH 2 O start to decompose to In͑OH͒ 3 and Ga͑OH͒ 3 . Evidence for this can be seen in the small endothermic peaks in the DTA at this temperature region, because the heat flow peaks are more clearly resolved, and have greater intensities, when the NO 3 − larger. Additionally, the acetate-based precursor was completely converted to hydroxide in this temperature region. The large exothermic peaks observed around 230°C are interpreted as the alloying of metal hydroxides to the multicomponent oxides. The weight loss that accompanies this exothermic peak corre- sponds to dehydration of the metal hydroxides. The exothermic peaks in the DTA curves around 350°C without weight loss, correspond to the crystallization of the IGZO.
To confirm that the peak at 350°C corresponds to the crystallization, we conducted TEM analysis of IGZO samples extracted at 300 and 400°C, results of which are shown in Figs. 1͑b͒ and 1͑c͒ . No clear crystalline structure was observed in the TEM image of the sample annealed at 300°C, implying that it was in an amorphous phase. In contrast, at 400°C, the selected area electron diffraction ͑SAED͒ pattern shows discontinuous diffraction rings, which are attributed to the IGZO crystal and which indicate that these are polycrystalline. Based on the results, it can be convinced that the last exothermic reactions in DTA curves are strongly related to crystallization of IGZO. It was also confirmed that the nanocrystalline grains grown at 400°C show ͑000l͒ orientation of InGaO 3 ͑ZnO͒ 2 by x-ray diffraction pattern ͑not shown in here͒. Figure 2 shows plain-view TEM images of IGZO samples with ͑a͒ 1:1:2, ͑b͒ 3:1:2, and ͑c͒ 5:1:2 mole ratios, with insets showing the SAED patterns. All the samples were prepared at 400°C. IGZO ͑1:1:2͒, IGZO ͑3:1:2͒, and IGZO ͑5:1:2͒ have grains sizes of ϳ27.2, ϳ14.7, and ϳ7.6 nm, respectively. The grain size decreased with increasing indium content. This may be related to the solubility limit, due to incorporation of indium into the IGZO. The crystallographic structure of IGZO consists of alternate stacking of InO 2 − layers and GaO͑ZnO͒ m + blocks. The structure of the GaO͑ZnO͒ m blocks is very similar to that of wurtzite ZnO. 8 In contrast, InO 2 − has a cubic structure, and so the In 3+ that is not incorporated into the IGZO because of the solubility limit can result in the cubic stacking faults ͑InO 2 − ͒ in the IGZO. 10, 11 This obstructs c-axis growth of IGZO resulting in a decrease of the grain size. An increase in the indium mole ratio is correlated with an increase in magnitude of the exothermic peaks corresponding to IGZO crystallization at ϳ350°C. This implies that as the indium concentration in increased, the activation energy for crystallization increases too.
The spin-coated IGZO films were prepared on the SiN x gate insulator layer at 400°C to investigate electrical properties as a function of indium mole ratio. From Fig. 3͑a͒ , we can see that as the indium mole ratio increases, the average electron concentration rises from 3.43ϫ 10 14 to 1.48 ϫ 10 16 cm −3 , and the average electrical resistivity decreases from 2.07ϫ 10 4 to 7.22ϫ 10 1 ⍀ cm. The increase in indium mole ratio gives rise to a larger number of oxygen vacancies and zinc interstitials, which results in more free electrons.
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As the indium mole ratio increases, the average Hall mobility increases from 1.11 to 7.84 cm 2 / V s. Excess indium that is not contained in the IGZO structure may link to indium atoms in the IGZO interlayer, providing more conducting pathways for electrons, and hence increasing the mobility. This trend has been observed in previous reports: Mobility is enhanced by increasing the carrier concentration in IZO ͑Ref. 12͒ and IGZO. 13 On the other hand, grain boundary scattering effect could be ignored because calculated mean- free paths are quite smaller than grain sizes observed in TEM images. Figure 3͑b͒ shows the transfer characteristics of the TFTs with solution-processed IGZO films as active channel layers for the different indium mole ratios. All the TFTs exhibit good operating performance, with on/off ratios ͑I on/off ͒ of ϳ10 6 . The field effect mobilities ͑ FE ͒ of IGZO ͑1:1:2͒, IGZO ͑3:1:2͒, and IGZO ͑5:1:2͒ TFTs in the saturation region were extracted as 0.56, 0.90, and 1.25 cm 2 / V s, respectively. The variation of FE with indium mole ratio exhibits the same trend as that found in the Hall mobilities. Interestingly, the transfer curves are shifted in the negative direction; that is, V th decreases from 15.84 to Ϫ5.09 V as the indium mole ratio is increased. This is almost certainly due to the increase in the number of free electrons associated with the increasing indium content. From the transfer characteristics, we estimate the gate voltage swing, S, through the relation
S values of 2.81, 1.16, and 1.05 V/decade were obtained for IGZO ͑1:1:2͒, IGZO ͑3:1:2͒, and IGZO ͑5:1:2͒ TFTs, respectively. We can also infer the maximum density of the surface states ͑N t ͒ at the interface between the IGZO channel layer and the SiN x gate insulator layer the using following equation: Table I summarizes electrical characteristics of the TFTs and the root-mean-square ͑rms͒ roughness as a function of the indium mole ratio. In general, the roughness and density of the film were directly connected with N t . As the rms roughness value increases, more carriers become trapped in defect sites, and we see a corresponding increase in N t . This results in reduction of the gate voltage swing, S. 14 The decrease in the grain size caused by the additional indium incorporated into the IGZO reduces the surface roughness, thereby decreasing N t , increasing S, and improving the electrical performance of the transistor.
In summary, we have synthesized the precursor solutions for deposition of IGZO films, and solution-processed the IGZO films into active channel layers in TFTs, with varying indium mole ratios. The results show that the excess indium affects the crystal growth of IGZO and leads to a decrease in the grain size and surface roughness, improving S value of the TFTs because of the reduced trap density. Indium 5s orbital sharing also increased the field effect mobility, FE , and the on current of TFTs. We have shown that optimized indium content in solution-processed IGZO TFTs can provide significant improvements in the performance of these transistors. 
